Renal response to short-term hypocapnia in man  by Gledhill, Norman et al.
Kidney International, Vol. 8 (1975) p. 376—386
Renal response to short-term hypocapnia in man
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Renal response to short-term hypocapnia in man. This study exam-
ines the renal response to moderate hyperventilation in healthy
man. Eight men hyperventilated for 26 hr (Pacoz 30 to 32 mm
Hg) in normoxia (barometric pressure, PB 740 mm Hg) and
hypobaric hypoxia (PB 530 mm Hg). Anaerobic samples of
arterial blood and urine were studied at two-hour intervals. Plasma
[HCO,-] fell with time during sustained hypocapnia and after 26
hr was reduced 2.5 mEq/liter, with plasma pH compensated
60%. Statistically significant changes in renal H handling were
observed within the initial 2 hr of hyperventilation and were evi-
dent over the first 12 hr. Over 26 hr, mean total HCO,excretion in
hypocapnia was 10.2 mEq above control and mean total acid
excretion (UVTA + UVNH,+) was 17.5 mEq below control. An in-
creased urinary excretion of cations, especially sodium, accom-
panied the decrease in acid excretion. Plasma lactic acid accumula-
tion was negligible. We conclude that renal mechanisms contribute
significantly and relatively quickly to plasma pH compensation
during the early phase of adaptation to hypocapnia in man.
Réponse rénale a une hypocapnie de courte durée chez l'home. Ce
travail étudie Ia réponse rénale a une hyperventilation modérée
chez l'homme normal. Huit sujets adultes de sexe masculin ont
hyperventilé pendant 26 heures (Paco2 - 30 a 32 mm Hg) en
normoxie (PB - 740 mm Hg) et en hypoxie hypobare (PB 530
mm Hg). Des échantillons de sang artériel et d'urine prélevés de
facon anaérobie ont été étudiés a des intervalles de deux heures.
Les bicarbonates plasmatiques diminuent en fonction du temps au
cours de l'hypocapnie continue et sont réduits de 2,5 mEq/litre a Ia
26e heure avec un pH plasmatique compensé a 60%. Des modifica-
tions significatives du comportement renal vis-à-vis des ions H+
sont observées des les deux premieres heures d'hyperventilation et
sont évidentes sur les premieres 12 heures. Sur l'ensemble des 26
heures l'excrétion moyenne de HCO3au cours de l'hypocapnie est
supérieure de 10,2 mEq aux valeurs témoins et l'excrétion totale
d'acide (UVTA + UVNH,) est inférieure de 17,5 mEq aux valeurs
témoins. Une augmentation de l'excrétion urinaire de cations, sur-
tout du sodium, accompagne Ia diminution de l'excrétion d'acide.
L'accumulation d'acide lactique dans le plasma est négligeable.
Nous concluons que des mécanismes rénaux contribuent signifi-
cativement et relativement rapidement a Ia compensation du pH
plasmatique au cours de Ia phase précoce d'adaptation a
l'hypocapnie chez l'homme.
Little is known regarding the renal response to
sustained hypocapnia and its contribution to plasma
[HCO3-} compensation in man. Previous studies of
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this topic have been performed in experimental ani-
mals with relatively severe levels of hypocapnia in-
duced by hypoxic exposure [1]. In man, studies of
acclimatization to high altitude have provided limited
information on the time course and degree of plasma
pH compensation during hypoxic hypocapnia [2-4]
and until recently studies concerning pH regulation
in man during normoxic hypocapnia have been con-
fined to hyperventilation of only a few hours' dura-
tion [5-7]. These studies suggested that the renal con-
tribution to plasma pH compensation during
sustained hypocapnia is a very slowly adapting mech-
anism, taking hours or perhaps days to exert a signifi-
cant influence on plasma [HCO3-] compensation.
Furthermore, some investigators studying hypoxic
hyperventilation of up to two weeks' duration ques-
tioned whether there was any significant renal contri-
bution to plasma [HCO3-] compensation in man [2,
3]. More recent observations in patients with chronic
lung disease, however, have shown a renal response
even in acute mechanical hyperventilation [8] and
findings from our laboratory showed a relatively pre-
cise compensation of plasma pH in healthy man as
hypocapnia progressed during the initial four to ten
days at high altitude [9-12]. No further trend toward
more complete compensation of pH was observed
during an additional five to eight weeks of hypoxic
hypocapnia [12]. From these data we hypothesized
that renal mechanisms contribute significantly and
relatively quickly to plasma [HCO3-] compensation
during sustained hypocapnia.
The present study has tested this hypothesis by
investigating temporal changes in plasma and urinary
acid-base and electrolyte status over a 26-hr period of
sustained, moderate hypocapnia in healthy man.
Methods
Subjects. Eight volunteer male subjects were
studied with informed consent. Routine pulmonary
function tests and arterial acid-base status were
within the normal range for all subjects, and no
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subject had a prior history of respiratory or kidney
disease. Descriptive data on the subjects is presented
in Table 1.
Procedure. The acid-base indexes and electrolytes
of anaerobically sampled urine and arterialized
venous blood were studied during the following con-
ditions: 1) a 24-hr control period in ambient normoxic
conditions (barometric pressure, PB '- 740 mm Hg;
inspired oxygen partial pressure, P1o2 145 mm Hg);
2) a 26-hr period of controlled, voluntary hyperventi-
lation under the same ambient normoxic conditions
(PB 740 mm Hg; P1o2 — 145 mm Hg; Pco2 - 30
to 32 mm Hg); 3) a 26-hr period of controlled, volun-
tary hyperventilation in a hypobaric chamber which
simulated the hypoxia of 3100 m altitude (PB 530
mm Hg, P1o2 '- 95 mm Hg, Pco2 — 30 to 33 mm
Hg).' Two of the eight subjects were studied for
only 18 hr under each of the three conditions.
The three conditions were studied in a random
order over a total 3½-month period and an attempt
was made to standardize conditions and testing pro-
tocol throughout the three testing sessions. The sub-
jects spent the evening and night preceding each ses-
sion in the laboratory. All sessions began between
7:00 and 9:00 AM and finished between 10:00 AM and
12:00 noon the following day for the 26-hr sessions
and between 1:00 and 2:00 AM for the 18-hr sessions.
The subjects remained awake throughout all sessions.
Both during, and for three days prior to each session,
all subjects were required to follow a diet prepared in
the hospital cafeteria. The diet contained 2400 to
2800 calories with 24% protein, 25% carbohydrate, 5
g of salt and 2 g of potassium. Identical meals were
eaten by each subject on the three days prior to and
'We did not expect to demonstrate (nor did we demonstrate)
any independent effects of the moderate hypoxemia on the regula-
tion of plasma pH during hypocapnia. Rather, the combined
hypoxemic hypocapnia condition was aimed at the examina-
tion of cerebrospinal fluid p1-I regulation in a companion study
[101. Therefore, for present purposes, the urine and plasma data
obtained during the hypoxic condition were viewed simply as
additional information (on the same subjects) concerned with the
central question of renal responses to short-term hypocapnia.
during all three sessions. Meals were taken at the 2nd,
6th, 11th and 20th hr in all three sessions. Fluid was
taken ad lib throughout the experiments. Over the
course of each of the three sessions, no significant
changes were observed in body wt, blood glucose or
hemoglobin concentrations or temperature (deter-
mined orally). None of the subjects experienced any
detectable symptoms as a result of the hyperventila-
tion or hypoxic exposure.
Sampling procedures. All blood samples were
drawn over 8 to 12 breaths with the subject in a
relatively steady state of ventilation as determined by
continuous monitoring of end-tidal concentration of
carbon dioxide (FETCO2). Arterialized blood was ob-
tained from an indwelling needle in a dorsal hand
vein, with the hand heated to 43°C. Samples were
collected in heparinized syringes and the capped syr-
inge was immediately placed in ice and analyzed
within one hour for pH and Pco2. A detailed account
of the close agreement between brachial arterial and
"arterialized" acid-base values has been reported
previously [13]. Brachial arterial blood was sampled
under local anesthesia to determine the arterial
(Pao2) during the final hour of hypoxic hyperventila-
tion.
Anaerobic urine samples were collected with the
use of a condom. The subject voided into a condom
which had been applied carefully so as to avoid creat-
ing any dead space. The expanded condom thus con-
tained an anaerobic urine sample. Immediately after
collection a 22-gauge needle was carefully inserted
into the expanded portion for anaerobic sample col-
lection. The condom was then removed and the re-
maining urine measured in a graduated cylinder.
Prior to sampling, the subject scrubbed the genital
area.
Blood samples were taken every hour for the deter-
mination of acid-base status, and plasma electrolyte
analysis was performed at two-hour intervals. Urine
was voided every two hours for acid-base and electro-
lyte analysis.
Table I. Description of subjects
Subject
No.
Age
yr
Height
cm
Weight
kg
pH PaCO,a
mmHg
[HCO3-]
mEq/liter
Hemoglobin
g/IOOml
1
2
3
4
5
6
7
8
Mean
22
20
21
24
29
22
22
23
23
180
175
169
177
177
179
179
182
177
79.3
79.8
62.1
65.7
76.2
83.9
61.7
81.6
73.8
7.398
7.409
7.399
7.376
7.413
7.408
7.408
7.398
7.401
39.2
37.9
39.1
42.5
39.3
41.5
41.5
40.4
40.2
23.8
23.7
23.8
24.5
24.9
25.2
25.2
24.6
24.5
15.6
15.4
14.6
13.7
14.0
15.0
14.5
15.5
14.8
a Mean value dun ng the 24-hr control period.
378 GIedhill et a!
Control of Paco2. Throughout the periods of hyper-
ventilation, Paco2 was controlled between 29 and 33
mm Hg. This level of hypocapnia corresponds to that
spontaneously achieved during one to eight weeks'
sojourn at 3100 m altitude [9]. Each subject achieved
and maintained this level of Paco2 through voluntary
hyperventilation. Expired gas was drawn contin-
uously via a nasal catheter through a rapid response
infrared analyzer in order to monitor FETCO2. This
was displayed on the meter face of the analyzer to
guide the subject, and was also continuously re-
corded.
During the initial 15 to 20 mm of the hypocapnic
sessions, the subjects hyperventilated to the pre-
determined FETCO2 and frequent blood samples were
obtained to ensure that the specified FETCO2 produced
the desired Paco2. Thereafter, along with the contin-
uous monitoring of FETCO2, an hourly surveillance of
Paco2 was maintained.
The subjects remained in a semi-recumbent posi-
tion throughout, except during the urine sampling.
Each urine collection required a total of seven to ten
minutes' detachment from the CO2 analyzer, during
which time the subjects attempted to maintain the
desired hyperventilation. Considerable care was
taken throughout the hyperventilation sessions to en-
sure that the subjects maintained their FETCO2 at the
desired constant level. Almost continuous surveil-
lance of the recorded FETCO2 together with frequent
verbal reminders to the subjects were required to-
maintain this consistency as fatigue and boredom be-
came apparent over the final six to nine hours of each
session. With these precautions, the intermittently
obtained Paco2 as reported in Results closely repre-
sented the subject's average breath by breath FETCO2
(and Paco2) which existed between blood sampling
times.
Analysis techniques. pH and Pco2 in blood and
urine were measured using conventional electrodes
(at 37°C) calibrated with tonometered blood and
urine of known Pco2. Analysis of the reproducibility
of duplicate determinations showed no systematic er-
ror and random errors of < 5% of mean values [9,
13]. Total CO2 in urine was determined with a micro-
gasometer (Natelson). Lactic acid concentration in
plasma was measured using a modified colorimetric
technique [14]. Chloride was analyzed with an auto-
matic chloride titrator. Sodium and potassium were
determined by flame photometry. NH4 was assayed
using the Obrink modification of the Conway micro-
diffusion technique [15], and titratable acids were de-
termined using the Folin method modified to use a
pH meter [16].
Calculations. Calculations of plasma [HC03]
from the Henderson-Hasselbalch equation were
made using conventional values for pK1 and CO2
solubility (6.10 and 0.0301) [17]. The pK1 in urine
was calculated for each sample according to the for-
mula pK1 = 6.32 — 0.6 \/, where B represents the
total base (in mEq/liter) of the sample in question
[18]. It was found that the sum of [Nat] + [K]
represented greater than 93% of the total cation con-
centration and thus [B] was assumed to be the sum of
these two ions. The conventional solubility constant
for urine (0.03085) was used to convert Pco2 to
H2C03 [15]. Total acid excreted was calculated ac-
cording to the following formula: total acid excreted
= UVTA + UVNII4+.
The degree of total pH compensation in arterial
blood achieved as a result of prolonged hyperventila-
tion was calculated by the method of Siesjo [19]. The
change in [HCO3k was determined during the first
15 to 20 mm of hypocapnia. These data were used to
estimate the fraction of total pH compensation (after
26 hr of hypocapnia) accounted for by "chemical
buffering plus bicarbonate distribution" [20]. This
estimate is based on the assumption that this acute
reduction in [HC03]a was limited to that extra-
cellular fluid (ECF) volume in ready diffusion equilib-
rium with blood.
At two-hour intervals, a randomized blocks analy-
sis of variance for missing data was performed using
a linear model approach. Differences between means
which produced P values  0.05 were accepted as
statistically significant. The SEM was calculated using
small sample statistical criteria [21].
Results
Acid-base changes in blood. For purposes of analy-
sis the blood data were averaged at two-hour inter-
vals and are presented in Fig. I and Table 2. The
Pco2 was maintained at 30.0 to 32.5 mm Hg during
both normoxic and hypoxic conditions. The mean
PCO2 was 0.5 to 1.5 mm Hg higher during the hy-
poxic hyperventilation, but this difference was not
significant. There was an immediate, significant in-
crease in pHa at the onset of hyperventilation, from a
mean control value of 7.396 to 7.491 in normoxia and
7.474 in hypoxia. Following this initial rise, pHa fell
gradually until the 19th hr of hypocapnia, and then
was maintained near 7.43 for the remaining time.
The differences in pHa during normoxic and hypoxic
hypocapnia were a result of the slight differences in
PCO2 described above and also were not statistically
significant.
With the onset of hyperventilation, plasma
[HC03] fell immediately from the control value of
a-
23.0
22.0
21.0
0
Hypocapnia (P1o2 145)
Hypocapnia + hypoxia (Po7 100) '--—
23.9 mEq/liter to 23.2 mEq/liter in normoxia and
22.5 mEq/liter in hypoxia (P < 0.05). Thereafter,
{HCO3-] fell gradually until approximately the 17th
hr of hyperventilation, then remained relatively con-
stant at 21.5 mEq/liter under both conditions. The
total decrease in [HCO3]a over the 26-hr period was
2.5 0.3 mEq/liter in normoxic hypocapnia and 2.6
+ 0.4 mEq/liter in hypoxic hypocapnia (P < 0.01).
Plasma lactate concentration did not vary signifi-
cantly from control values in either experimental con-
dition except at the 25th hr of hypoxic hyperventila-
tion at which time there was a small but significant
increase (0.4 mEq/liter, P < 0.05). pH compensation
was slightly more complete in hypoxic (63%) than
normoxic (59%) hypocapnia, but this difference was
not significant.
Plasma electrolytes. Plasma C1 concentration was
elevated significantly during both normoxic and hy-
poxic hypocapnia (+4 mEq/liter after 26 hr, P <
0.05). No significant differences were observed in
plasma Na or K concentrations between control
and experimental conditions.
Acid-base changes in urine. The urinalysis data are
presented in Fig. 2 and Table 3. After two hours of
hyperventilation mean pH increased from a control
value of 5.50 to 6.37 during normoxic hypocapnia,
and 6.47 during hypoxic hypocapnia (P < 0.05). In
both conditions, pH remained significantly (P <
0.05) above control values until the ninth hour of
hyperventilation. There were no further significant
differences, although a second elevation of pH was
evident toward the end of the 26-hr hyperventilation
period.
In the first 2 hr of hypocapnia, acid excretion
25.0 r
24.0 h
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25.0
24.0
23.0
22.0
21.0
40
35
30
7.50 r
40
Control (P1o2 145)
35
Hypocapnia + hypoxia (P1o2 100)
30
Hypocapnia (Po2 145)
7.50
7.45
7.40
I' 7.45
7.40
Hypocapnia (P1o2 145)
Hypocapnia + Flypoxia (P1o2 100)
5
I
145)
10 15 20
Hours
Fig. 1. Time course of changes in arterialpil, Pco2 and/HCO3-J in
control conditions and during 26 hr of voluntary hyperventilation in
normoxia and hypobaric hypoxia. Plotted values are mean +SEM.
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Table 2. Mean changes in plasma during normoxic and hypoxic hypocapnia
[UVTA + UVNH4÷] decreased from 6.2 0.8 mEq/2
hr in the control period to 2.6 0.5 mEq/2 hr during
normoxic hypocapnia and 2.2 0.9 mEq/2 hr during
hypoxic hypocapnia (P < 0.01). Acid excretion re-
mained significantly reduced until about the 11 hr of
hyperventilation. In the first 12 hr, mean total acid
excretion was 13.8 and 13.2 mEq below control dur-
ing normoxic and hypoxic hypocapnia, respectively;
and over the total 26 hr of hyperventilation, it was
reduced a total of 17.5 2.2 mEq in both conditions
(P < 0.01). Reduced NH4 and TA excretion ac-
counted for 58 and 42%, respectively, of the reduction
in total acid excreted. A secondary reduction in acid
excretion was evident at the 25th hr of hyperventila-
tion.
Urinary HCO3- excretion was elevated signifi-
cantly during hyperventilation (P < 0.05). In the first
2 hr it increased from a control value of 0.3 + 0.3 to
1.1 0.5 mEq/2 hr during normoxic hypocapnia and
1.9 + 0.8 mEq/2 hr during hypoxic hypocapnia. Un-
der both conditions it remained elevated until the
15th hr of hyperventilation. Over the first 12 hr of
hyperventilation, net HCO3- excretion was 8.2 1.6
mEq above control during normoxic hypocapnia and
9.1 2.0 mEq above control during hypoxic hypo-
capnia. After 24 hr of hypocapnia, these values in-
Cl NaF K Lactate
.Time
hr
mEq/liter mEq/liter mEq/liter mEq/liter
X SEM X SEM SEM X SEM
Control
1 107
3 106
5 107
7 105
9 106
11 105
13 107
J5
17 107
19
21 107
23 106
0.6
0.6
0.3
0.8
1.2
0.7
1.0
0.8
2.0
1.2
137
136
135
135
137
137
139
140
139
136
1.7
2.7
2.6
2.7
2.0
2.4
2.3
3.8
2.7
3.0
3.8
3.8
3.8
3.8
3.8
4.0
3.7
3.8
3.8
3.7
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.3
0.2
0.1
1.5
1.1
1.1
1.2
1.2
1.0
1.1
1.0
1.2
1.1
0.2
0.1
0.2
0.1
0.2
0.2
0.1
0.1
0.1
0.4
24-hrX 106 137 3.8 1.2
Normoxic hypocapnia
108
3 108
5 107
7 107
9 108
II 107
13 108
15 107
17 110
19 108
21 109
23 110
25
0.5
1.0
0.8
0.8
0.9
0.8
1.0
1.1
1.3
0.7
1.3
1.2
a
137
135
134
135
136
134
137
133
136
137
135
134
a
1.2
1.4
1.8
2.3
2.1
2.2
1.4
2.9
1.9
2.1
3.6
2.9
a
3.7
3.7
3.8
3.7
3.6
3.6
3.6
3.5
3.6
3.7
3.6
3.8
a
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.2
a
1.2
1.1
1.2
1.2
0.9
1.3
0.9
1.4
1.3
a
1.3
a
0.1
0.1
0.1
0.1
0.1
0.1
0.!
0.3
0.2
a
0.3
a
Hypoxic hypocapnia
1 107
3 107
5 108
7 110
9 111
11 111
13 109
15 110
17 109
19
21 113
23 112
25 110
0.9
0.7
1.0
1.8
1.1
1.9
1.3
1.0
3.1
2.1
2.9
1.0
136
134
136
137
138
138
136
137
138
140
139
140
1.7
1.5
1.3
2.0
2.9
3.3
2.9
1.9
3.7
3.3
5.5
2.8
3.9
3.8
3.8
3.8
3.9
3.7
3.7
3.7
3.9
4.0
3.9
4.0
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.1
0.2
0.1
0.2
0.1
1.4
1.1
1.2
1.4
1.0
1.4
1.0
1.1
1.0
1.7
0.2
0.1
0.3
0.1
0.0
0.2
0.1
0.2
0.1
0.1
a N < 4.
LU
>
U
C,
CS
15 20 25
Hours
Fig. 2. Time course of changes in urine pH, total !HCOS I excreted
and total acid excreted (UVTA + UVNH4) incontrol conditions and
during 26 hr of voluntary hyperventilation in normoxia and hypobaric
hypoxia. Plotted values are mean +SEM.
creased, respectively, to 10.9 1.9 and 9.7 2.0 mEq
above control.
Urinary electrolytes. The rate of excretion of
urinary Na was increased significantly above con-
trol values in both normoxic and hypoxic hypocapnia
(+34 and +40 Eq/min, respectively; P < 0.05).
Urinary K was also significantly elevated (+ 11.3
tEq/min in normoxic hypocapnia, and + 15.9 tEq/
mm in hypoxic hypocapnia; P < 0.05). Net Na
excretion over 26 hr was 53 mEq (normoxia) and 62
mEq (hypoxia) above control while K excretion was
18 mEq (normoxia) and 25 mEq (hypoxia) above
control over the 26 hr of hyperventilation. There was
a slight but statistically insignificant increase in
urinary Cl excretion and no significant differences
were observed in urinary electrolytes between nor-
moxic and hypoxic hypocapnia. Urine volume was
not different among the three conditions.
Discussion
This study focuses on the early adaptation phase of
a relatively moderate degree of hyperventilation in
man and defines the time course of the renal response
under this experimental condition. The experimental
period should not be considered to represent truly
"chronic" hypocapnia. Our previous finding of a
slightly more complete compensation of PHa (66%)
after 3 to 45 days of acclimatization to 3100 m alti-
tude [9] and the observation that the lifelong resident
of high altitude shows near-complete compensation
of plasma pH [2] underscores this point.
Renal response to hypocapnia 381
_,Control (P1o2 145)
6
5
4
3
2
6
5
4
3
3
2
+ hypoxia (P1o2 100)
0
7.00
6.00
5.00
Control (P1o2 145)
-Hypocapnia + hypoxia (P1o2 100)
0
7.00
6.00
5.00
0 5 10
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In the ensuing paragraphs we have analyzed the
nature of the renal response and its contribution to
plasma pH compensation in this early phase of adap-
tation to hyperventilation.
Nature of the renal response. Present findings and
earlier studies in dogs [I] and in patients with chronic
hypercapnia [8] indicate that the kidney responds to
hypocapnia by increasing bicarbonate excretion and
decreasing excretion of titratable acids and ammonia
together with a concommitant increase in cation ex-
cretion [1, 8]. As shown by the present study, renal
response occurred immediately, with the major ef-
fects on acid excretion evident within the initial 12 hr
of hypocapnia. During the last few hours of the
1 103 15
3 77 23
5 101 31
7 76 22
9 82 23
II 71 33
13 62 14
15 52 8
17 83 16
19 —s —
21 36 8
23 91 17
Normoxic hypocapnia
3
5
7
9
II
13
15
17
19
21
23
25
129 20
115 19
100 26
127 29
96 32
96 20
96 24
77 20
74 20
62 23
65 16
89 23
166 16
Hypoxic hypocapnia
104 11
3 94 17
5 103 17
7 117 15
9 114 17
Il 73 11
13 57 11
15 55 9
17 65 12
19 71 11
21 101 22
23 156 20
25 144 14
73 12 45.2 6.7
65 23 33.9 4.8
96 31 54.2 14.0
81 23 50.1 10.2
94 23 41.7 9.1
93 21 26.4 9.0
75 20 20.9 4.1
79 13 13.8 2.5
65 21 25.0 4.2
55 20 17.3 7.7
58 12 37.4 5.7
98 15 83.8 11.8
93 20 72.2 7.6
92 22 45.0 10.7
154 29 70.7 15.1
118 24 37.8 7.9
145 21 39.2 7.7
151 30 30.0 4.6
109 22 19.7 4.7
102 22 20.6 4.9
79 27 19.0 4.7
77 13 26.0 6.8
78 20 34.7 6.9
138 14 81.0 7.7
83 19 63.8 11.7
132 21 76.7 19.6
114 17 52.6 9.9
152 20 66.7 14.2
142 19 49.8 11.9
108 20 22.2 5.1
98 19 17.2 3.4
88 17 18.9 3.5
97 20 41.5 19.8
104 11 27.3 5.2
116 17 55.8 12.4
134 19 75.1 16.8
141 14 71.9 10.2
106 25
40 5
51 9
49 10
69 10
99 26
59 7
38 4
7l a
33 4
51 8
53 16
52 8
41 6
65 8
61 8
99 25
86 17
60 13
63 15
67 10
165 56
70 29
127 56
56 15
61 6
65 12
73 6
70 14
66 12
61 14
48 ii
66 23
53 4
74 18
103 24
118 25
Table 3. Mean changes in urine during normoxic and hypoxic hypocapnia
.Time
hr X
C1
j2Eq/min
SEM
Na
j.iEq/min
X SEM X
K
.iEq/min
SEM X
Volume
mi/hr
SEM X
Pco2
mm Hg
SEM
Total TA
excreted
mEq/2hr
X SEM
Total NH4
excreted
mEq/2hr
X SEM
Control
12-hr 85 84 41.9 69 56.8
24-hr 76 76 33.3 60 53.7
1.5
1.6
3.2
3.1
42.5 1.3 2.0 0.3 4.2 0.5
55.8 3.3 1.4 0.4 2.3 0.6
58.0 5.8 1.4 0.4 2.7 0.2
67.5 6.7 1.5 0.4 2.5 0.3
60.7 5.6 1.5 0.3 3.1 0.2
56.0 5.1 1.3 0.5 1.9 0.2
58.9 4.5 1.4 0.5 2.5 0.4
53.0 5.2 1.8 0.4 3.5 0.4
49.9 4.6 1.8 0.4 3.5 0.5
45.7 1.3 1.8 0.6 3.2 0.5
43.1 1.0 1.6 0.4 4.3 0.6
84.9 9.6 0.3 0.1 2.3 0.4
59.9 3.4 0.4 0.2 1.4 0.3
74.6 7.5 0.4 0.2 1.7 0.4
82.3 7.6 0.2 0.2 1.3 0.2
70.7 6.9 0.3 0.2 1.5 0.3
62.5 8.1 0.6 0.2 2.6 0.6
61.0 3.9 0.5 0.3 2.0 0.6
45.9 2.8 1.9 0.4 3.4 0.5
43.4 2.9 2.1 0.5 3.5 0.6
40.7 2.4 1.8 0.3 3.3 0.4
43.0 2.7 1.8 0.1 3.6 0.4
43.5 2.8 1.7 0.2 2.7 0.4
69.6 9.6 0.7 0.4 2.3 0.3
103.2 17.9 0.7 0.4 1.5 0.4
78.1 7.9 0.3 0.2 1.2 0.2
65.6 9.7 0.9 0.3 1.9 0.5
67.9 5.7 0.3 0.2 1.1 0.3
62.0 4.7 0.7 0.2 1.9 0.4
54.5 6.1 1.0 0.4 1.6 0.4
54.4 4.1 0.7 0.3 2.1 0.3
45.2 3.6 1.3 0.3 3.2 0.3
46.1 6.6 2.1 0.5 4.1 0.8
42.2 1.0 1.9 0.5 3.4 0.6
54.5 10.0 2.4 0.3 3.4 0.2
60.2 2.0 1.6 0.3 3.0 0.6
53.8 11.5 0.6 0.2 1.8 0.5
l2-hr Ill 117 58.1 62
26-hr 99 110 44.6 78
72.5
60.2
0.4
1.0
1.8
2.4
N < 4.
12-hr 101 122 55.3 65 71.9 0.7 1.5
26-hr 96 116 49.2 70 60.6 1.1 2.3
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study, however, the urine again became alkaline and
there was increased cation excretion. Although these
later changes were not statistically significant, they
would be compatible with an additional phase of
plasma pH compensation which might account for
the more complete compensation observed in chronic
hypocapnia.
An interpretation of these effects of hypocapnia on
renal [Hf] handling and electrolyte excretion is as
follows. Plasma CO2 tension is known to modulate
l-1C03- reabsorption in the renal tubules [23—26].
Thus, as hydrogen ion activity in ECF and in-
tracellular fluid (ICF) diminishes during primary
hypocapnia, the hydrogen ion secretory rate by the
renal tubular cells falls. With a fall in the H secre-
tory rate, the rate of HC03 reclamation dimin-
ishes and some HC03 is lost in the urine. Under such
conditions there is minimal acidification of urinary
buffers or formation of ammonium, and the urine pH
is high. An increased excretion of cations must ac-
company the excretion of the nonacidified buffer ani-
ons to maintain electroneutrality. This presumably
accounts for part of the net increase in Na and K
excretion in these subjects.
Whether K or Na is the major cation lost seems
to depend on the state of sodium balance or the
condition of the subject with regard to the handling
of sodium. In the present study of hyperventilation in
man and in the study of Genarri, Goldstein and
Schwartz [1] in hypocapnic dogs, the major cation
lost was sodium when dietary sodium was normal.
However, when the dogs were placed on a restricted
sodium diet, increased K excretion accompanied
hypocapnia. Also, when Turino, Goldring and Heine-
mann mechanically hyperventilated chronically hy-
percapneic patients on salt-restricted diets, potassium
was the major cation excreted [8]. With high NaC1
diets these same patients increased excretion of Na
in response to mechanical hyperventilation. The un-
changing urinary Cl-excretion during hyperventila-
tion is consistent with earlier reports [1,6,8].
In the present study, when the mean [HC03]a
reached the level of 21 to 21.5 mEq/liter,
HCO3reabsorption once more became virtually
complete and excretion of titratable acids and ammo-
nium returned to control values together with urinary
pH. Late in the test sessions there was a statistically
insignificant rise in urine pH and cation excretion. If
these changes did indeed herald an additional phase
of renal compensation, we have no explanation for
the delay or the mechanisms of this late response.
Contribution of renal mechanisms to plasma pH com-
pensation. After 26 hr of moderate hypocapnia,
plasma bicarbonate was reduced 2.5 mEq/liter
and pHa was compensated 60%. Any attempt at a
quantitative partitioning of this decrease in [HCO3Ia
into renal and nonrenal contributions is limited by a
number of factors (see following). Qualitatively, how-
ever, there were some indications that renal mecha-
nisms may have contributed substantially to this com-
pensation of plasma pH.
First, the reduction in [HC03]a after 20 to 26 hr of
hypocapnia was in excess of that achieved acutely
(—1.0 0.2 mEq/liter). This suggests that some
factor, in addition to "buffering plus redistribution"
and not attributable to measurable increases in
plasma lactic acid concentration, might have contrib-
uted to plasma pH compensation. We recognize that
these changes in [HCO3Ja are small and even those
after 20 to 26 hr are within the range reported by
some for acute moderate hypocapnia [7]. On the
other hand, we also emphasize that these changes are
based on multiple, serial observations using subjects
as their own controls, that they were consistent
among subjects (P < 0.01), and that they were
reproducible in the same subjects when exposed to
both normoxic and moderately hypoxic hypocapnia.
Secondly, more direct findings showed that the kid-
ney responded in two ways to 26 hr of sustained
hypocapnia: a) by a significant increase in bicarbo-
nate excretion (10.3 mEq control), and b) by a
significant decrease in acid excretion (17.5 mEq<
control). The summation of these responses resulted
in a net bicarbonate loss via the kidney which approx-
imated 28 +3 mEq. Almost all of these changes in
renal hydrogen ion handling occurred in the first 12
hr of hypocapnia. These renal responses, like those in
plasma, were also reproducible when the same sub-
jects were exposed to normoxic and hypoxic hypo-
capnia. Quantitation of the source of this net bicarbo-
nate loss from intracellular and extracellular fluids is
not possible without precise knowledge of the relative
bicarbonate contents and their changes in each fluid
compartment. The data, nevertheless, are consistent
with a relatively quick and substantial contribution
of renal mechanisms to plasma pH compensation dur-
ing short-term hypocapnia in man.
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